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ABSTRACT

Expanded Polystyrene (EPS) lightweight concrete possesses numerous special characteristics, including
exceptionally low weight, good sound insulation, effective heat insulation, great fire resistance, and low
water absorption. Consequently, it has garnered significant attention for research and practical
applications in the construction industry, particularly in the development of soundproofing and thermal
insulation components, as well as lightweight elements to reduce the superstructure weight, such as
external wall panels, floor slabs, roof panels, and base materials. The primary objective of this study is to
analyze and estimate the flexural capacity of EPS lightweight concrete panels through both experimental
and numerical methods. Furthermore, the influence of the longitudinal reinforcement ratio, strength, and
thickness of EPS lightweight aggregate concrete panels on their flexural capacity is thoroughly investigated
and evaluated. The findings demonstrate that the Abaqus software, with an appropriate material model
for EPS lightweight aggregate concrete, can reliably predict the flexural capacity of EPS lightweight
concrete panels reinforced with longitudinal rebars.
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I.  INTRODUCTION

EPS lightweight aggregate concrete was extensively
researched and applied worldwide during the 1970s. This
material possesses several advantages, including low dry
density, ranging from 500 kg/m’ to 1800 kg/m® depending on
the amount of EPS particles used, sound and thermal
insulation, fire resistance, and low water absorption.
Consequently, the usage of such concrete in construction
projects can significantly reduce the load on building
foundations and result in substantial energy savings, while its
production contributes to mitigating environmental pollution.
EPS lightweight aggregate concrete has gathered substantial
attention for research and practical applications in the
construction industry since its discovery, with various issues
related to its physical and mechanical properties, as well as its
applicability in construction having been explored. These
studies have investigated factors like dry density, compressive
strength, tensile strength, sound insulation, thermal insulation,
water absorption, and construction techniques.

Several studies have investigated EPS lightweight concrete
with compressive strengths ranging from 7.5 MPa to 62.6 MPa,
and have explored the effect of EPS particle size and gradation
on the compressive and flexural strengths [1]. Previous
research has examined the impact of EPS content on the fire
resistance, thermal conductivity, and compressive strength of
foam concrete [2]. Foam concrete was supplemented with
lightweight EPS aggregate particles to achieve a dry density
between 150 kg/m3? and 400 kg/m3. The results indicated that
the thermal conductivity, fire resistance, compressive strength,

and density of foam concrete decrease significantly when EPS
particles are incorporated. The application of EPS lightweight
concrete for the outer layer of barrier members used as rigid
separators on highways, demonstrated that these barrier
members effectively absorbed impact forces from vehicles [3].
The flexural and compressive capacities of unreinforced EPS
lightweight concrete panels with dry densities ranging from
650 kg/m3 to 750 kg/m3 have been also evaluated [4].

Additionally, the effects of using EPS particles as coarse
aggregate on the fire resistance, water absorption, and
compressive strength of EPS lightweight concrete, as well as
the materials’ potential as load-bearing panel components and
base materials in construction has been examined [5]. Using 75
mm thick EPS lightweight concrete panels as thermal
insulation roof panels can reduce material costs, carbon
emissions, and energy consumption by 8.3%, 20%, and 41%,
respectively, in addition to their environmental benefits [6].
The influence of the amount of EPS particles added to aerated
concrete on the mechanical properties, including compressive
strength, flexural strength, and modulus of elasticity, has also
been investigated [7]. Further research has examined the effect
of the volume ratio of EPS particles replacing coarse aggregate
on the physical and mechanical properties of EPS lightweight
concrete, such as density, flexural strength, and compressive
strength [8]. Lastly, the flexural behavior of lightweight self-
compacted concrete beams made from EPS lightweight
concrete and reinforced with rebars and steel fibers has been
experimentally investigated, with a focus on the volume ratio
of EPS particles and steel fibers replacing coarse aggregate [9].
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Existing research has primarily focused on the
manufacturing technology, the physical, and mechanical
attributes of EPS lightweight concrete. While a small number
of research endeavors have examined the flexural behavior of
lightweight concrete panels, they have been confined to EPS
lightweight concrete panels without reinforcement. This paper
aims to evaluate the flexural capacity of EPS lightweight
concrete panels through both experimental and numerical
analyses. Furthermore, the study explores the influence of key
factors, such as the longitudinal reinforcement ratio, the
strength of EPS lightweight concrete, and the thickness of the
panels, on their flexural performance.

II. EXPERIMENTAL TEST

This section presents an experimental test to determine the
flexural capacity of EPS lightweight concrete panels reinforced
with longitudinal reinforcement. Three identical EPS
lightweight concrete panels with primary longitudinal
reinforcement were subjected to four-point bending tests to
evaluate their flexural capacity. These EPS lightweight
concrete panels had dimensions of 2000 mm in length, 500 mm
in width, and 100 mm in thickness; they were produced from
EPS lightweight concrete with a density of 900 kg/m3 and a
compressive strength of 3.2 MPa, respectively. The
longitudinal reinforcement in both the top and bottom layers
comprised three bars, each with a diameter of 3 mm and a yield
strength of 485 MPa. The four-point bending test setup is
illustrated in Figure 1.
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Fig. 1. Schematic of the four-point bending test setup.

The loading is applied in a stepwise manner until the
sample fails. Each load increment is set at approximately one-
tenth of the load that causes sample failure. The load is
maintained for a minimum of 5 minutes for low load levels and
a minimum of 10 minutes for high load levels. For the final
load increments, the loading should be only increased once the
measurements from the displacement and force gauges have
been stabilized. During the testing process, it is crucial to
closely observe the specimen's behavior, including the
formation and propagation of transverse cracks in the regions
experiencing significant bending moments, as well as the
deflection of the specimen at the mid-span cross-section.
Figure 2 below depicts an actual image of the sample that has
deflected and developed numerous transverse cracks in the

region experiencing significant bending. These transverse
cracks appear at relatively uniform intervals, which is
consistent with the behavior observed in normal reinforced
concrete slabs under bending.
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Fig. 2. Actual image of the sample showing deflection and cracking under

bending.

III. NUMERICAL MODEL AND VALIDATION

In this section, the four-point bending test to failure for the
EPS lightweight concrete panel will be simulated numerically
using Abaqus CAE 2019. Abaqus is one of the most widely
used finite element analysis software programs today,
developed since 1978 by Dassault Systemes Simulia, in the
USA. It is a powerful computational tool used to numerically
simulate many practical engineering problems based on the
finite element method, such as structural analysis problems,
heat transfer problems, electromagnetic problems, acoustic
problems, piezoelectric problems, geotechnical problems, and
fluid dynamics problems. It can address problems ranging from
simple linear analysis to the most complex nonlinear
simulations.

A. Numerical Model

Given the relatively simple nature and small scale of the
experimental sample, the entire model can be fully simulated
using Abaqus software. The EPS lightweight concrete panel is
represented as a solid three-dimensional block with C3DSR
elements. The primary longitudinal reinforcement is modeled
as one-dimensional bars in three-dimensional space with T3D2
elements. The transverse reinforcement bars have a negligible
impact on the flexural capacity of the panel, and their modeling
is avoided. As the deformations of the supports and load
transfer beams are minor compared to the deformations of the
EPS panel, they are modeled as completely rigid elements.

Abaqus provides three types of constitutive models to
simulate the concrete behavior, including elastic behavior,
plastic behavior, and failure mechanisms. These are the brittle
crack model, smeared crack model, and Concrete Damaged
Plasticity model (CDP). The brittle crack model only considers
the nonlinear behavior of concrete under tension. This model
assumes that concrete behaves as linear elastic under
compression, making it suitable for simulating unreinforced
concrete structures or lightly reinforced concrete structures.
However, it is not suitable for normal reinforced concrete
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structures [10]. The smeared crack model is applied to
homogenize the discrete cracks of concrete in reality. The CDP
model can be used to simulate the fundamental behavior of
concrete under cyclic loading and the degradation of concrete
stiffness under the influence of cyclic loading. This model
accounts for two failure mechanisms of concrete: cracking
under tensile stress and crushing under compressive stress. A
continuous failure mechanism is employed to simulate crack
propagation and crack growth through a stiffness degradation
approach, where the stiffness of the concrete gradually
decreases as it cracks. In this study, the CDP model is used to
simulate lightweight EPS concrete. The input parameters for
the CDP model include:

e The stress-strain curve of concrete under uniaxial
compression and uniaxial tension.

e Damage parameters
tension.

under uniaxial compression and

o Plasticity flow parameters, including: dilation angle (),
eccentricity (€), stress ratio (0y,/0.,), shape factor (K,),
and viscosity parameter (u).

The stress-strain curves for concrete under uniaxial
compression and tension can be assumed, as illustrated in
Figures 3 and 4 [11].
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Fig. 3. Stress-strain curve and related parameters for normal concrete
under uniaxial compression.

In Figure 3, under uniaxial compression, the stress-strain
response of concrete exhibits linear elastic behavior up to the
elastic compressive strength (o,,). The elastic compressive
strength can be determined using (1) where o, is the ultimate
compressive strength of the concrete [12]. Additionally, the
modulus of elasticity of concrete can be calculated using (2).
Beyond the elastic limit, the concrete undergoes plastic
deformation, characterized by a stress hardening curve,
followed by a softening curve once the ultimate compressive
stress (0.,,) is surpassed. The stress-strain relationship in the
plastic region is parabolic and can be expressed using (3) [12].
For normal concrete, ultimate stress (€,) can be taken as 0.002
and ultimate strain (€,) as 0.003 [13].

Oco = 0.60,, 9]
E, = 4700,/ (MPa) (2)
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Oc = Ocy [8_; - (é)z] 3)

The dr3y density y, of EPS lightweight concrete ranges from
800 kg/m’ to 1200 kg/m® [14]. The stress-strain curve under
uniaxial compression is represented by (4) for the stress
hardening branch and (5) for the stress softening branch. The
values of the parameters in these equations depend on the dry
density of the concrete and are determined using (6) through
(9), accordingly. The strain corresponding to €, was found to
be between 0.0035 and 0.0051, while €, was approximately
0.012.

a(5)+(b-1) (52
0. = 0cy [1 +(aE£;))(%) +(Z(_€f))(z_5)z] 4)
0. = 0y [r] (5)
a = 0.961y2107° — 0.0026y, + 2.189 (6)
b = 1.218y2107° — 0.0016y, + 0.967 @)
c=-7.275y2107° + 0.0161y, — 10.503 ®)
d =—-11.301y2107% + 0.0135y, — 5.080 )

Using the above equations, the stress-strain relation for EPS
lightweight concrete under uniaxial compression can be
determined, as illustrated in Figure 4.
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Fig. 4. Stress-strain curve and related parameters for normal concrete

under uniaxial tension.

Figure 5 illustrates that concrete under uniaxial tension
initially exhibits linear elastic behavior up to its ultimate tensile
strength (o;,) followed by a plastic deformation region
characterized by stress softening. The ultimate tensile strength
of EPS lightweight concrete can be determined using (10) [15].
Furthermore, the stress-strain curve beyond the ultimate tensile
strength for normal concrete can be calculated by (11) [16].

0y = 030155584 (10)
_ Oto
Tt = T4 5005, an

Thus, the stress-strain relation for EPS lightweight concrete
under uniaxial tension can be determined, as shown in Figure 6.
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3.5 - E.=(1-d)E, (16)
3.0 | E, = (1—d)E, (17)
25 - d.=1->= (18)
_ Ocu
£ 20 | =121t
s de=1-2* (19)
o 151 . . .
From the d. and d,, the plastic strains due to compression
1.0 1 and tension can be easily determined using (20) and (21),
05 | respectively.
1 i d
0.0 : : : : ; : el = el -t (20)
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& gfl=£fk—j-§ (1)
Fig. 5. Stress-strain relation for EPS lightweight concrete under uniaxial £ Fo
compression. The fourth parameter is the shape factor (K.), which is the
ratio of the second stress invariant on the tensile meridian to
0.8 - that on the compressive meridian at the initial yield point. The
07 1 value of K, must satisfy the condition 0.5 < K, < 1.0, and it is
taken as a default value of 0.667. The final parameter is the
0.6 1 viscosity parameter (u), which allows the stress to slightly
T 051 exceed the yield surface so that the computational process
S o4 4 converges more quickly. The smaller the value of the viscosity
¢ parameter is, the more accurate the results will be, and vice
03 1 versa. According to [18], the viscosity parameter can range
0.2 A from 0.0001 to 0.008; in this study, it is taken as 0.001.
0.1 1 The plastic flow parameters can be specified as: Y, which
0.0 : : : : : : is used to define the behavior of concrete under confined stress,
0 0.002 0.004 0.006 0.008 001 0012 and is recommended to be within the range of 30 to 45 degrees,
g with a suggested value of 40 degrees for lightweight EPS
Fig. 6. Stress-strain relation for EPS lightweight concrete under uniaxial concrete [18]. The parameter €, which describes the ratio

tension for present study.

From Figure 3, the inelastic compressive strain (¢{*) and
the cracking strain (e£¥), using (12) and (13) respectively, can
be easily determined. Here, €¢. and €€t are the corresponding
elastic compressive and tensile strains, which can be calculated

using (14) and (15), respectively.

&t =& — &5 (12)
& =& — g5 (13)
g =5 (14)
et =5 (1)

Under cyclic loading, the modulus of elasticity or stiffness
of concrete in the plastic deformation region typically
decreases compared to the initial modulus of elasticity (E,).
The reduction in the modulus of elasticity of concrete under
cyclic loading is characterized by the compressive damage
parameter (d,) and the tensile damage parameter (d,). In Figure
3, the elastic modulus of concrete in the plastic deformation
region under cyclic loading can be calculated from (16) and
(17), respectively. The compressive and tensile damage
parameters are customarily determined through
experimentation. In the absence of experimental data, these
damage parameters can be estimated using (18) and (19) [17-
19].

between tensile and compressive strength, is recommended to
be 0.1. The third parameter g;,/0., 1 is recommended to be
between 1.00 and 1.16, with a suggested value of 1.16 for this
study. The fourth parameter K. must satisfy the condition 0.5 <
K.< 1.0, and is taken as a default of 0.667. The final parameter
U, can range from 0.0001 to 0.008, with a value of 0.001 used
for this study [18]. The input parameters for EPS lightweight
concrete are displayed in Table I.

TABLE L. ELASTIC AND PLASTIC FLOW PARAMETERS
FOR LIGHTWEIGHT EPS CONCRETE

No. Parameters Values Units
1 E, 800 MPa
2 v 0.3 -
3 Y 40 Degree
4 € 0.1 -
5 Opo/0co 1.16 -
6 K, 0.667 -
7 u 0.001 -

The reinforcing steel used for the EPS panel in this study
has a yield strength of 485 MPa. According to [13], it can be
assumed that the steel is an elastic — perfectly plastic model, as
depicted in Figure 7. Based on this, the input parameters for the
reinforcing steel are obtained, as presented in Table II.

The reinforcing steel employed in the EPS panel for this
study highlights a yield strength of 485 MPa. As depicted in
Figure 7, it is assumed that the steel demonstrates an elastic-
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perfectly plastic behavior [13]. Accordingly, the input
parameters for the reinforcing steel utilized are presented in
Table II below.

600.0 -

500.0 A @ 'S

400.0 -

300.0 A

o, (MPa)

200.0 A

100.0 A

0.0 T T T T T 1
0.0000 0.0020 0.0040 0.0060 0.0080 0.0100 0.0120
€,

s

Fig. 7. Stress-strain relation for uniaxial tension of the idealized rebars in
Abaqus.

TABLE IL INPUT PARAMETERS FOR THE REINFORCING

STEEL
No. Parameters Values Units

1 E 2.10° MPa

2 v 0.3 -

3 fy 485 MPa

Bonding between rebars and concrete is critically
important, as it ensures the collaborative interaction between
the two materials. Without sufficient bond force, the rebars
would slip out of the concrete under load. Given that the rebars
used are ribbed steel, the bond strength between the rebars and
concrete is presumed to be adequately large to prevent sliding
when subjected to force. Accordingly, the embedded element
technique can be employed to simulate the bond between the
rebars and concrete. When this technique is utilized, the
translational degrees of freedom of the nodes in the embedded
element are constrained to the interpolated values of the
corresponding degrees of freedom in the host element.

The lightweight EPS concrete panel undergoes four-point
bending until complete failure, enabling the assessment of its
flexural capacity. The panel rests on supports at both ends, with
one end acting as a pinned support and the other as a roller
support. The pushover technique is employed to determine the
panel's flexural capacity, subjecting it to forced displacement at
the loading points until failure. Furthermore, the reference
point and rigid body techniques are utilized to constrain the
displacement of the reference points with the supports. In this
case, the boundary conditions of the supports only require
definition for the reference points. This approach facilitates the
efficient determination of the support reactions, which are
equivalent to the loads applied to the panel.

B. Validation

The numerical analysis conducted using Abaqus software
produced results, as illustrated in Figures 8 and 9, that
exhibited a symmetrical concave pattern in the vertical
displacement (U2) of the sample. Furthermore, the tensile

failure zone was observed to be symmetrically distributed
within the region characterized by significant bending
moments, aligning with the experimental observations.

U, U2
+3.807e+00
+1.500e+00
-8.059%e-01
-3.112e+00
-5.419e+00
-7.725e+00

-1.003e+01
-1.234e+01
-1.464e+01
-1.695e+01
-1.926e+01
-2.156e+01
-2.387e+01

Fig. 8.
EPS panel.

Image of the vertical displacement distribution U2 in mm of the

DAMAGET

(Avg: 75%)
+6.950e-01
+6.371e-01
+5.792e-01
+5.213e-01
+4.633e-01
+4.054e-01
+3.475e-01
+2.896e-01
+2.317e-01
+1.737e-01
+1.158e-01
+5.792e-02
+0.000e+00

Fig. 9. Image of the tension damage region of the EPS panel.

Figure 10 portrays the comparison of the relationship curve
between the bending load (P) and the U2 at the mid-span cross-
section obtained from the experiment and numerical analysis
during the bending failure test of the sample. The results
indicate that the relationship curves from the two approaches
are highly similar. Specifically, the discrepancy between the
maximum bending load and the vertical displacement at the
mid-span cross-section is small. The P-U2 relationship curve
exhibits two distinct stages; the first one is the linear elastic
stage when the bending load is still small and the second one
refers to the inelastic linear stage with reduced stiffness,
commencing when the tensile concrete zone begins to crack
until the tensile reinforcement starts yielding.

However, at stage 3, characterized by rapid plastic
deformation until failure, this is not clearly observed. This may
be attributed to the longitudinal reinforcement ratio being too
low or the panel thickness being insufficient compared to
typical reinforced concrete beams. Additionally, the P-U2
relationship curve from the experiments displays local
descending segments, a consequence of the incremental
loading approach employed, where each load increment was
maintained for approximately 5 to 10 minutes. In conclusion,
the proposed numerical model can be considered reliable for
conducting further studies.
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Fig. 10.  P-U2 relationship curve.

IV. PERAMETRIC STUDIES AND RESULTS

This section examines and assesses the flexural
performance of the lightweight EPS concrete panel, and its
impact of varying factors, such as the quantity of longitudinal
reinforcement, concrete compressive strength, and panel
thickness.

A. Effect of Longitudinal Reinforcement Content

The longitudinal reinforcement ratio was adjusted by
changing the number and diameter of the longitudinal
reinforcement rebars. The analysis focused on the typical
design range for reinforced concrete slabs, which is between a
0.05% and 2% longitudinal reinforcement ratio.

15000

12000

9000

6000

Maxium bending load P, (N)

3000

0
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00 225

Longitudinal reinforcement content p (%)

Fig. 11.  Effect of longitudinal reinforcement content on the flexural
capacity of the EPS panel.

The results, as depicted in Figure 11, demonstrate that as
the longitudinal reinforcement ratio increases from 0.06% to
1.7%, the maximum bending load of the panel rises almost
linearly from 1889 N to 14494 N. Beyond the 1.7%
longitudinal reinforcement ratio, the maximum bending load
continues to increase linearly, but with a smaller slope.

B. Effect of Lightweight EPS Concrete Strength

Typically, the compressive strength of EPS lightweight
concrete ranges from 1.6 MPa to 8 MPa. As illustrated in
Figure 12, as the compressive strength of the EPS lightweight
concrete increases from 1.6 MPa to 8 MPa, the maximum

bending load of the panel exhibits an almost linear increase
from 1150 N to 3819 N.
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>
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Compressive strength of concrete 6, (MPa)
Fig. 12.  Effect of concrete strength on the flexural capacity of the EPS

panel.

C. Effect of the Thickness of the Lightweight EPS Concrete
Panel

The position of the longitudinal reinforcement bars must be
maintained at a fixed distance of 25 mm from both the top and
bottom surfaces of the panel, regardless of the thickness
changes. To ensure sufficient longitudinal reinforcement, the
study will examine a case where both the upper and lower
longitudinal reinforcement consist of 5 D5 bars each.

14000

Z 12000
ot 10000
9
<
L2 8000
o0
|
o 6000
=}
o
Ke)
£ 4000
2
E 00
>
0
80 90 100 110 120 130 140 150 160
Panel thickness T (mm)
Fig. 13.  Effect of panel thickness on the flexural capacity of the EPS Panel.

Since typical floor slabs range in thickness from 80 mm to
160 mm, the EPS lightweight concrete panel will be studied
within this thickness range. Figure 13 displays that as the panel
thickness increases from 80 mm to 160 mm, the maximum
bending load of the panel increases almost linearly from 2003
Nto 11927 N.

V. CONCLUSIONS

Expanded Polystyrene (EPS) lightweight aggregate
concrete has may outstanding advantages. However, previous
studies solely focused on the technology for producing EPS
lightweight concrete and its physical and mechanical
properties. This article estimates the flexural capacity of EPS
lightweight concrete panels reinforced with longitudinal steel
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bars through both experimental and numerical analysis. Several
conclusions were drawn:

The Abaqus software, with an appropriate material model,
can reasonably predict the flexural capacity of the EPS
lightweight concrete panel reinforced with longitudinal
reinforcement.

When the longitudinal reinforcement ratio increases from
0.06% to 1.7%, the maximum bending load of the panel
increases almost linearly from 1889 N to 14494 N. When
the longitudinal reinforcement ratio exceeds 1.7%, the
maximum bending load of the panel continues to increase
linearly but with a smaller slope.

When the compressive strength of EPS lightweight concrete
increases from 1.6 MPa to 8§ MPa, the maximum bending
load of the panel increases almost linearly from 1150 N to
3819 N.

When the thickness of lightweight concrete panel increases
from 80 mm to 160 mm, the maximum bending load of the
panel increases almost linearly from 2003 N to 11927 N.
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